Functional abnormalities in fear circuitry are likely to underlie the pathophysiology of pediatric posttraumatic stress disorder (PTSD), but the few studies to date have yielded conflicting findings. Furthermore, network level functional connectivity and age-related disruptions in fear circuitry have not been thoroughly explored. In a cross-sectional design, 24 healthy and 24 medication-free youth with severe PTSD completed an event-related emotion-processing task during functional MRI. Youth viewed threat and neutral images, half of which were paired with a neutral male face. Group-and age-related differences in brain activation were examined in the medial prefrontal cortex (mPFC), amygdala, and hippocampus. Amygdala functional connectivity was examined using a seed-based approach. PTSD youth showed hyperactivation of the dorsal anterior cingulate cortex (dACC) to threat images. In the dorsomedial PFC (dmPFC), age positively predicted activation in healthy youth but negatively predicted activation in PTSD youth. In the amygdala functional connectivity analysis, PTSD youth showed decreased amygdala-mPFC connectivity to threat images. Furthermore, age positively predicted amygdala-vmPFC connectivity in healthy youth, but negatively predicted connectivity in PTSD youth. Finally, dmPFC activation and amygdala-mPFC connectivity were inversely related to PTSD severity. Pediatric PTSD involves abnormal functional activation and connectivity in fear circuitry. Specifically, dACC hyperactivation is consistent with abnormal promotion of fear responses, whereas reduced amygdala-mPFC connectivity suggests impaired regulation of amygdala responses to threat. Importantly, age-dependent decreases in dmPFC activation and amygdala-vmPFC connectivity may indicate abnormal developmental processes in key emotion pathways in pediatric PTSD.
INTRODUCTION
Pediatric posttraumatic stress disorder (PTSD) is a debilitating illness affecting 5% of youth by the age of 18 years (McLaughlin et al, 2013) . Youth with PTSD experience impaired functioning (Carrion et al, 2002) , emotional and sleep disturbances (Kovachy et al, 2013) , and increased rates of mood and anxiety disorders (Famularo et al, 1996) . Abnormalities in threat processing are central to pediatric PTSD; however, the underlying neural substrates and potential developmental abnormalities remain incompletely understood. This information is vital for developing biologically and developmentally informed interventions.
Impaired fear regulation is characteristic of PTSD (Pitman et al, 2012) and neuroimaging studies of adult PTSD suggest abnormalities in the neural circuitry underlying the processing of threat and regulation of fear responses. Common findings in adult PTSD include hyperactivation of the amygdala and dorsal anterior cingulate cortex (dACC) (Pitman et al, 2012) , areas important in threat appraisal and the promotion of fear responses. Studies also suggest impaired recruitment of the ventromedial prefrontal cortex (vmPFC) and the hippocampus (Etkin et al, 2011; Patel et al, 2012; Pitman et al, 2012) , areas important in the extinction and contextual gating of fear responses. However, studies of functional brain connectivity in adult PTSD have yielded conflicting findings, including abnormal dACC connectivity (Lanius et al, 2004) , and both greater (Fonzo et al, 2010; Gilboa et al, 2004; St Jacques et al, 2011) and lower (Stevens et al, 2013) amygdala-mPFC connectivity.
To date, few studies have examined functional brain abnormalities during emotion processing in youth with posttraumatic stress symptoms (PTSS), with varying results. Amygdala hyperactivation has been reported in one study of youth PTSS (Garrett et al, 2012) , with negative findings in two others (Crozier et al, 2014; Yang et al, 2004) . Surprisingly, none of these studies found group differences in dACC activation. Regarding the mPFC, prior studies have reported decreased rostral ACC (rACC) (Yang et al, 2004) activation but increased vmPFC activation (Garrett et al, 2012) in youth with PTSS. Decreased dorsomedial PFC (dmPFC) activation has also been observed, but only in female youth, suggesting potential sex differences in youth with PTSS (Crozier et al, 2014) . Finally, only one reported study has examined functional brain connectivity in youth with PTSS. A study of adolescent sexual assault victims, largely subclinical for PTSD, reported an inverse relationship between PTSS and amygdala-rACC functional connectivity, although no group differences in connectivity were reported (Cisler et al, 2013) . These studies provide initial evidence of abnormal prefrontal-amygdala function during emotion processing in pediatric PTSD, yet their differing findings also highlight the need for additional study.
Differences in emotion tasks and sample characteristics may account for some of the variability in functional MRI (fMRI) findings in pediatric PTSD. For example, most of the prior studies have employed emotional and neutral faces. It remains unclear whether similar abnormalities are present during processing of threat imagery and whether threat context alters subsequent face processing in pediatric PTSD. Furthermore, developmental differences in prefrontal-amygdala function may have a role but have not been previously explored in pediatric PTSD. The PFC undergoes structural change into early adulthood (Giedd et al, 1999; Gogtay et al, 2004) . These structural changes are paralleled by age-related decreases in amygdala activation and changes in medial prefrontal-amygdala connectivity (Gee et al, 2013b; Vink et al, 2014) . Childhood stress may shift these trajectories by increasing amygdala activation, eg (McCrory et al, 2011; Swartz et al, 2015) , spurring early development of prefrontal-amygdala connectivity following maternal deprivation (Gee et al, 2013a) , or weakening prefrontal-amygdala connectivity following maltreatment experiences (Birn et al, 2014; Herringa et al, 2013) . However, it remains unknown whether development of fear circuit function is altered in pediatric PTSD. Finally, prior studies have examined youth with a wide range of PTSS and it remains unclear whether similar abnormalities are present in more severe PTSD. Our prior structural brain analysis in this sample of youth with severe PTSD revealed both overall group differences and potential developmental abnormalities in fear circuit structure, namely decreased vmPFC volume and age-related decline in hippocampus volume (Keding and Herringa, 2015) . Thus, we aimed to extend this analysis in the current study to functional brain abnormalities in pediatric PTSD, including age-related effects and functional connectivity analyses.
To address these knowledge gaps, we used fMRI to elucidate abnormalities during emotion processing in a cross-sectional sample of pediatric PTSD compared with non-traumatized healthy youth. We employed an fMRI task using threat-related and neutral images, either of which could be followed by neutral male faces. This allowed the investigation of functional differences in threat processing, while also exploring affective priming effects on subsequent face processing. This task thus expands on previous work by examining both primary and associative mechanisms of altered threat processing in pediatric PTSD. We predicted that pediatric PTSD would be associated with amygdala and dACC hyperactivity, and mPFC hypoactivity to threatrelated images. In addition, we predicted that PTSD youth would exhibit decreased functional connectivity between the amygdala and mPFC, but increased amygdala-dACC connectivity, relative to healthy youth. Within these analyses, we examined age-related differences in this circuitry as an indicator of potential developmental abnormalities in pediatric PTSD. We predicted that pediatric PTSD would be characterized by greater amygdala reactivity and weaker amygdala-mPFC connectivity with age, reflecting a developmental shift in fear circuitry toward promotion of fear responses in stress-vulnerable youth.
MATERIALS AND METHODS

Participants
The present sample consisted of 27 healthy non-traumatized youth and 26 youth with PTSD between the ages of 8 and 18 years. Participant recruitment has been previously described (Keding and Herringa, 2015) and is summarized in detail in Supplementary Information. Participant data were excluded after data collection for excessive head motion during the scan, resulting in at least 20% of volumes being censored (n = 2 healthy, n = 1 PTSD), failure to respond to at least 75% of trials during the scan (n = 1 PTSD), or terminating the scan early (n = 1 healthy). Thus, final groups for analysis consisted of 24 healthy youth and 24 youth with PTSD (see Table 1 for descriptive statistics). All participants provided written consent or assent with caregiver consent when applicable. The University of Wisconsin Health Sciences Institutional Review Board approved all procedures.
Assessments
Each participant and a caregiver reporter underwent a trauma and psychiatric screen by a board-certified child psychiatrist (RJH) with the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS) . A PTSD diagnosis was determined using DSM-IV criteria by combination of the KSADS and ClinicianAdministered PTSD Scale for Children and Adolescents (CAPS-CA) (Nader et al, 1998; Weathers et al, 2001) . A PTSD diagnosis required at least five DSM-IV symptoms, including at least one from each symptom cluster, following Cohen et al (2011) . Using these criteria, most youth (n = 20 or 83%) in the PTSD group met the criteria for three symptom clusters (standard DSM-IV PTSD diagnosis). Of the remaining four, two met the criteria for two symptom clusters and two met the criteria for one symptom cluster. The CAPS-CA was not obtained for the first three included participants with PTSD. PTSD severity was additionally examined using the UCLA PTSD Reaction Index (PTSD-RI) (Steinberg et al, 2004) . For the PTSD-RI, the greater of youth and caregiver report for each item was used, as this was most strongly correlated with CAPS scores (r = 0.81, 0.71, and 0.56 for greater of youth/caregiver, youth only, and caregiver only, respectively). Depressive symptoms over the past 2 weeks were quantified with the Mood and Feelings Questionnaire (MFQ) (Costello and Angold, 1988) . Anxiety symptoms over the past 3 months were quantified with the Screen for Child Anxiety Related Emotional Disorders (SCARED) . MFQ and SCARED scores were calculated using the average of youth and caregiver reports. Pubertal stage was assessed by self-report using the Tanner picture-based rating scale (Morris and Udry, 1980) . IQ was estimated using the Full-Scale IQ-2 component of the Wechsler Abbreviated Scale of Intelligence-II (Wechsler, 2011) .
Experimental Task
All participants completed two mock scans before MRI in which they performed a practice version of the experimental task. The experimental task is an emotion-processing task described previously (Schuyler et al, 2014) . Briefly, in an event-related design, youth viewed 16 threat and 16 neutral images from the International Affective Picture Schedule (IAPS) (Lang et al, 2008) for 4 s (see Supplementary Information for stimulus list). Threat images were selected for content relating to trauma types common within the current sample (Table 1) ; specifically, the majority of the negative images depicted interpersonal violence, injuries, or motor vehicle accidents. Half of all images were followed (3 s post-image offset) by a neutral male face presented for 500 ms, to examine how emotional content affects subsequent face processing (Schuyler et al, 2014) . To maximize attention during the task, participants assigned a valence (negative, neutral, or positive) to each IAPS image by pressing a button with their right hand. Task duration was 8 min. Approximately 1 h after the task, participants provided memory and likability ratings for the eight faces seen during the task, as well as eight novel faces (see Supplementary Information).
Image Acquisition, Preprocessing, and Analysis
Detailed accounts of image acquisition, preprocessing, and analysis are described in Supplementary Information. Images were acquired on a 3.0 T GE Discovery MR750 scanner with an eight-channel radiofrequency head coil (General Electric Medical Systems, Waukesha, WI) at the University of Wisconsin-Madison Department of Psychiatry. Threedimensional axial high-resolution T1 images were acquired with the following parameters: TE: 3.18 ms, TR: 8.16 ms, TI: 450 ms, slice thickness: 1 mm, 156 slices, flip angle: 12°, FOV: 25.6 cm, and matrix size: 256 by 256 that covered the entire brain. The functional scan was acquired with a gradient echo EPI sequence with the following parameters: TE: 22 ms, TR: 2150 ms, flip angle: 79°, slice thickness: 3 mm, gap: 0.5 mm, 41 sagittal slices, FOV: 224 mm, and matrix size: 64 by 64.
All image preprocessing was performed using AFNI (Cox, 1996) and FSL (Smith et al, 2004) . T1 structural images were registered to the MNI 152 2 mm 3 template with linear and non-linear warps (FSL's FLIRT/FNIRT). Functional data were slice-time and motion corrected before being aligned to their respective T1-weighted structural images. The first three volumes of EPI time series were removed due to T1-equilibrium effects and the transformation matrix used to register the T1-weighted structural image to the MNI template was then applied to the functional data. All subsequent analyses were performed in MNI space. Volume-tovolume displacement (SSD) was estimated from the six rigid body motion registration parameters. Any functional volume with SSD > 1 mm and its preceding volume were censored. All included subjects had 13% or fewer volumes censored. Functional data were smoothed using a 6-mm Gaussian kernel and converted to percent signal change.
Functional data for individual subjects were analyzed with a general linear model using AFNI's 3dDeconvolve with tent basis functions, to estimate HRF shape for responses to all images. Variables modeled included six motion parameters, threat and neutral IAPS, threat-and neutral-primed faces, and four polynomial drift terms. HRF shape was estimated from 0 to 12.9 s post stimulus (six TRs) using seven tents. Area under the curve (AUC) was the primary dependent measure, calculated by averaging the β-coefficients for tents two through seven. Tent one was excluded from AUC analyses, because signal was expected to be near baseline for all subjects at that time point in the trial (see Figure 1a for example).
Statistical Analysis
Analyses were conducted to examine group differences in activation during the threat-neutral IAPS contrast and for the threat-neutral paired face contrast, to examine contextual priming effects on face processing. Group models were fit using AFNI's 3dttest++. Age, sex, and their two-way interactions with group were included as covariates. A priori masks included the mPFC and, separately, bilateral 
amygdala/hippocampus (see Supplementary Information).
Additional results outside of a priori regions surviving whole brain correction are also reported. Owing to the use of two separate a priori masks, a Bonferroni correction of our α-threshold was performed for the number of masks. Statistical maps were family-wise error (FWE) corrected for multiple comparisons at the cluster level (3dClustSim) using an initial voxel-wise threshold of P uncorrected o0.005. All clusters met a cluster-extent threshold of P FWE o0.025 for a priori regions (mPFC: 99 voxels, amygdala/hippocampus: 28 voxels), and P FWE o0.05 for whole brain (183 voxels).
We performed a psychophysiological interaction (PPI) (Gitelman et al, 2003) to explore group differences in frontoamygdala connectivity during IAPS images. We separately seeded the left and the right amygdala, identified from the Talairach Daemon atlas (Lancaster et al, 2000) . To ensure only those voxels involved in the task were seeded in the PPI analysis, amygdala PPI seeds were functionally defined as those voxels from the anatomical amygdala mask that were active across all subjects in the threat IAPS vs baseline contrast at Po0.1 (Schuyler et al, 2014) . As PPI analysis requires an assumed HRF shape, we analyzed individual functional data again with a γ-HRF shape, which yielded similar group differences in activation to the tent function analyses. Individual-level analyses for PPI were conducted with the same model parameters as in the functional analyses, except that HRF shape was assumed and PPI models included regressors for the seed time series and the seed time series by IAPS condition interaction. PPI analyses were restricted to our a priori mPFC search region.
Secondary analyses of cluster activation/connectivity and clinical variables were performed in R (R Core Team, 2014), covarying for age and sex. If clusters survived the more stringent threshold P uncorrected o0.001, these cluster averages were used to increase anatomical specificity in the regression analyses. To examine effects of potentially confounding variables on primary findings, group analyses were repeated including variables such as past medication exposure and general anxiety and depressive symptoms. Within the PTSD group, relationships between cluster averages and clinical measures were conducted, including PTSD severity, illness duration, and general anxiety and depressive symptoms. Finally, the relationship of trauma exposure measures (time elapsed since index trauma and number of trauma types endorsed) with cluster averages was examined to assess for trauma-specific effects.
RESULTS
Participant Characteristics
Participant characteristics are summarized in Table 1 . There were no significant differences between groups in age, sex, IQ, or pubertal stage (all P40.13). Within the PTSD group, the most common index trauma was sexual abuse, followed by traumatic death of a loved one, accident, and witnessing violence. PTSD symptoms averaged 46.7 based on the PTSD-RI, which is indicative of severe PTSD. Of the 24 participants with PTSD, 21 had comorbid psychiatric illness, most commonly depressive disorders (n = 18). Findings regarding face memorability and likability ratings can be found in Supplementary Information.
Regional Brain Activation to Threat vs Neutral Images
A summary of activation results is shown in Table 2 . PTSD youth showed greater activation in the left dACC than in healthy youth (Figure 1a ). In addition, there was a group by age interaction in the left dmPFC. Here, age positively predicted the left dmPFC activation in healthy youth, but negatively predicted the activation in PTSD youth (Figure 1b) . No group or group by age effects were observed in the vmPFC or amygdala/hippocampus. Outside of a priori regions, PTSD youth had greater activation in the thalamus and bilateral precentral gyrus than in healthy youth. Finally, no group by sex effects were observed.
Regional Brain Activation to Contextually Primed Faces
No significant group differences or interactions were detected within the mPFC, amygdala/hippocampus, or whole brain for threat-vs neutral-preceded faces. However, exploratory analysis of threat-preceded faces vs baseline fixation revealed vmPFC hypoactivation in PTSD youth (Supplementary Figure S4) .
Amygdala Functional Connectivity During Threat vs Neutral Images
PPI results are summarized in Table 2 . Compared with healthy youth, PTSD youth showed reduced connectivity between the left amygdala and bilateral rACC/dmPFC, and an adjacent cluster in the left dmPFC in the threat-neutral IAPS contrast (Figure 2b) . No group differences were observed for the amygdala to dACC functional connectivity. In addition, there was a group by age interaction for the left amygdala to bilateral vmPFC connectivity (Figure 2c) . Here, the amygdala-vmPFC connectivity increased with age in healthy youth but decreased with age in PTSD youth. For the right amygdala seed, there was a group by age interaction for connectivity to the right dmPFC. The right amygdaladmPFC connectivity tended to decrease with age in healthy youth, but increased with age in PTSD youth. Finally, no group by sex effects were observed.
Secondary Analyses
To investigate the relationship between activation or connectivity and PTSD symptom severity among PTSD youth, we regressed average activation/connectivity from each significant cluster on PTSD-RI scores and illness duration. The left dmPFC activation was inversely related to PTSD-RI total scores at a trend level (t 19 = − 1.78, P = 0.090; Figure 3 ) but unrelated to illness duration (P = 0.41). Left amygdala-bilateral rACC/dmPFC connectivity was unrelated to PTSD-RI total score (P = 0.18) or illness duration (P = 0.96), but was inversely related to avoidance symptoms in the model using PTSD symptom clusters (t 17 = − 2.61, P = 0.018; Figure 3) . No significant relationships were detected between other activation or connectivity clusters and PTSD severity or illness duration (all P40.14). Finally, primary findings remained largely unchanged when controlled for potentially confounding variables and no significant associations were observed between activation/ connectivity and trauma exposure measures, or general anxiety and depressive symptoms (see Supplementary Information).
DISCUSSION
To our knowledge, this is the first reported study to examine the functional neural correlates of emotion processing in pediatric PTSD that incorporates age-related effects and functional connectivity analyses. Our findings suggest that pediatric PTSD is characterized by overt functional abnormalities as well as age-related differences in fear circuitry when viewing threat-related content. Furthermore, nearly all of the group differences remained significant when covarying for potentially confounding variables and were unrelated to trauma exposure measures or general anxiety, or depressive symptoms, suggesting specificity to PTSD. Our results show that youth with PTSD exhibit hyperactivation of the dACC, but not amygdala, to threat images. In addition, PTSD youth showed reduced amygdala-mPFC connectivity, which was inversely related to PTSD severity, suggesting that impaired top-down regulation may contribute to dysregulated responses to threat in pediatric PTSD. In addition to these group differences, we found evidence of age-related functional abnormalities in PTSD youth, which were not accounted for by illness duration or time since trauma. Relative to healthy youth, PTSD youth showed age-related decline in dmPFC activation, which was inversely related to PTSD severity, and age-related decline in amygdala-vmPFC functional connectivity. Together, these novel findings suggest partial overlap with neural findings documented in adult PTSD, but also point to potential developmental abnormalities in fear circuit function in pediatric PTSD.
The present study revealed dACC hyperactivation to threat vs neutral images in youth with PTSD. The dACC is involved in threat appraisal (Kalisch and Gerlicher, 2014) and hyperactivation in adult PTSD is thought to have a role in exaggerated fear learning and expression (Pitman et al, 2012; Shin and Liberzon, 2010) . Although dACC hyperactivation has been a relatively consistent finding in adult PTSD (Pitman et al, 2012) , it has not previously been reported in pediatric PTSD/PTSS. This may be attributable to differences in emotion task, but could also be related to greater PTSD severity in our sample as compared with prior studies (eg, Cisler et al, 2013; Crozier et al, 2014; Garrett et al, 2012) . Interestingly, we did not find evidence of abnormal amygdala-dACC connectivity in pediatric PTSD. Studies of adult PTSD have also failed to detect group differences in amygdala-dACC connectivity during emotion processing, although greater intrinsic amygdala-dACC connectivity has been reported (Brown et al, 2014) . On the other hand, the explicit valuation of images in our task may have preferentially elicited connectivity differences between the amygdala and rACC/dmPFC, which is involved in conscious threat appraisal and fear regulation, and is discussed further below. Surprisingly, we did not find evidence of amygdala hyperactivation in pediatric PTSD, even when separately examining reactivity and recovery periods (see Supplementary Information). Although meta-analyses support amygdala hyperactivation in adult PTSD (Etkin and Wager, 2007; Patel et al, 2012) , multiple studies in both adult (Francati et al, 2007) and pediatric (Crozier et al, 2014; Yang et al, 2004) PTSD samples have failed to find such an effect. Although we did not observe group differences in amygdala activation, we did find evidence of reduced amygdala-mPFC functional connectivity in pediatric PTSD. Amygdala-mPFC connectivity was also inversely associated with avoidance symptoms, suggesting that communication between the mPFC and amygdala, and not simply amygdala activation itself, may be an important determinant of dysregulated fear in pediatric PTSD.
As noted, the present findings point to abnormalities in dmPFC function during threat processing in pediatric PTSD, including age-related decline in dmPFC activation and reduced amygdala-dmPFC connectivity. The dmPFC is important in the conscious appraisal of threat and subsequent regulation of emotional responses (Kalisch and Gerlicher, 2014) , and is capable of modulating the amygdala based on threat context (Robinson et al, 2012) . Furthermore, successful downregulation of negative emotion is associated with amygdala-dmPFC connectivity (Lee et al, 2012) , and both anxiety (Kim et al, 2011) and PTSD (Birn et al, 2014) symptoms in adults have been associated with the relative loss of intrinsic amygdala-dmPFC anticorrelation. Our results are consistent with this and suggest that the ability of the dmPFC to modulate amygdala-dependent responses to threat may be compromised in pediatric PTSD, a notion supported by the relationship between dmPFC activation, amygdala-dmPFC connectivity, and PTSD severity. Interestingly, we found evidence of age-related increases in the right amygdala-dmPFC connectivity in PTSD youth, which differs in part from reduced left amygdala-dmPFC connectivity. There is evidence that negative emotional stimuli are processed preferentially by the left amygdala (Fusar-Poli et al, 2009) , suggesting that the left-sided amygdala-dmPFC deficits in PTSD youth may compromise the regulation of emotional responses to threatening stimuli. The significance of age-related increases in the right amygdala-dmPFC remain unclear at this time but could conceivably represent compensatory change in the face of the left-sided deficits.
In addition to reduced amygdala-mPFC connectivity, we also found evidence of age-related decline in amygdalavmPFC functional connectivity in pediatric PTSD. Interestingly, this effect appears to be driven by greater connectivity in PTSD youth at younger ages, similar to older healthy youth, but lower connectivity in older PTSD youth, similar to younger healthy youth. This may indicate early compensatory development of amygdala-vmPFC connectivity mirroring findings in a maternally deprived sample (Gee et al, 2013a) , but also suggest developmental weakening of amygdalavmPFC connectivity mirroring the effects of childhood maltreatment experiences by late adolescence and early adulthood (Birn et al, 2014; Herringa et al, 2013) . Although the exact significance of this apparent developmental shift remains unclear, our prior structural brain study in this sample revealed an inverse relationship between gray matter volume in a similar region of the vmPFC and re-experiencing symptoms (Keding and Herringa, 2015) . Fear extinction and putatively safety signaling are mediated by differential signaling between the amygdala, vmPFC, and dACC (Senn et al, 2014) . Thus, dACC hyperactivation, combined with age- Reduced left amygdala-bilateral rostral anterior cingulate cortex (rACC)/ dorsomedial prefrontal cortex (dmPFC) and -left dmPFC (visible in sagittal view) connectivity to threat vs neutral images in youth with PTSD. Data for bar graph come from the rACC/dmPFC cluster, although the left dmPFC plot is comparable. (c) Age-related differences in the left amygdala-bilateral ventromedial PFC (vmPFC) connectivity to threat vs neutral images in youth with PTSD compared with healthy youth. A group by age interaction revealed that age positively predicted amygdala-vmPFC connectivity in healthy youth but negatively predicted connectivity in youth with PTSD. The scatterplot is of connectivity coefficients from the right vmPFC cluster (results from the left vmPFC cluster are comparable). For each figure, axial and sagittal views of regional brain activation are shown on the left. Color bars correspond to the t-statistic value in each voxel. The left hemisphere is shown on the right side of the axial image. Plots of extracted average cluster connectivity coefficients for each effect are shown on the right, with healthy youth in blue and PTSD youth in red. Error bars/ bands represent ± 1 SE. Scatterplot points are raw data. Note that the voxelwise model included age, sex, and their interactions with group as factors. related decline in amygdala-vmPFC connectivity, could lead to reduced safety signaling and fear overexpression in pediatric PTSD, an imbalance that may become more pronounced over the course of development in afflicted youth.
Our study documents novel findings of functional abnormalities in fear circuitry in pediatric PTSD. However, it is not without limitations. First, although our wide developmental age range of participants permits investigation of age-related effects in pediatric PTSD, our cross-sectional design prohibits causal inference regarding developmental differences or trauma timing on prefrontal development. If our age-related findings are not due to other confounding variables, the agerelated findings may suggest that either PTSD chronically affects neural development or that ongoing abnormal neural development contributes to PTSD. Clarification of the effects of pediatric trauma and PTSD on development of fear circuits will be facilitated by hybrid cross-sectional and longitudinal designs in future studies. Second, the present study lacks a trauma-exposed comparison group. As such, it is possible that the abnormalities observed presently in PTSD youth result from trauma exposure rather than PTSD. Future studies including healthy, trauma-exposed youth are merited to explore potentially adaptive brain mechanisms following childhood trauma. Finally, this is a moderate sample size and would merit replication with a larger sample of youth.
In summary, the present findings offer novel insights into the neural underpinnings of emotion dysregulation in pediatric PTSD. Our findings suggest that pediatric PTSD is characterized by abnormal function and connectivity in prefrontal-amygdala circuits underlying threat processing and fear regulation. Although some of these abnormalities bear similarity to adult PTSD findings, age-related differences in fear circuitry also point to abnormal functional brain development in pediatric PTSD. Future studies employing longitudinal measures would be warranted to further explore these possibilities and determine whether timely intervention can restore the normal functioning and development of fear circuits in pediatric PTSD.
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